the morphological and molecular evidence to date that the genera within the Schizaeaceae form a well-supported clade (Pryer et al., 1995; Pryer, 1999; Wikströ m et al., 2000, pp. 149-150) . A molecular study using the chloroplast gene rbcL has been done for the Schizaeaceae and this study included several species of Anemia (Wikströ m et al., 2000) .
MATERIAL AND METHODS
Species from which DNA was isolated and sequenced, as well as the voucher information are presented in Table 1 . Morphological characters ( Table 2 , 3) for the preliminary analysis were derived from the descriptions and characters cited in the literature (Mickel, 1962 (Mickel, , 1967 (Mickel, , 1981 (Mickel, , 1982 Skog, 1992; Tryon & Tryon, 1982) .
Three subgenera (Anemiorrhiza, Coptophyllum, and Anemia) were represented in the samples. Both herbarium specimens and living material dried in silica gel were sources for the DNA. More recent herbarium specimens provided sequence data, but many older specimens yielded little, if any, DNA. Other taxa included were one species of Mohria, which is often suggested as congeneric with Anemia (Mickel, 1962) , two species of Lygodium, one species of Schizaea, and a species in the Hymenophyllaceae (Cardiomanes reniforme) as the outgroup. The Hymenophyllaceae is also considered fairly basal among the ferns and has been shown to be more basal than the Schizaeaceae in analyses using morphology and rbcL chloroplast data (Pryer et al., 1995 (Pryer et al., , 2001 .
Total DNA was extracted from 15-20 mg of leaf tissue dried in silica gel (then frozen in liquid nitrogen) with the DNEasy Plant Mini kit from Qiagen, following the manufacturer's protocol. Double-stranded DNA amplifications were performed in a 50 ll volume containing 5 ll MgCl 2 , 4 ll dNTP, 5 ll buffer, 2 ll primers, 1 ll BSA, 5 ll DNA, 0.5 ll TAQ, and 25.5 ll distilled water to volume. Following an activation step of 10 min at 94°C for the enzyme, the PCR mixture underwent 35 cycles of 1 minute at 94°C, 30 seconds at 50°C, 48°C or 54°C, and 72°C for 90 seconds followed by 72°C for 7 minutes before being held at 4°C. A few species were sequenced for the cpDNA gene rbcL using the primers previously published for fern sequences (Hasebe et al., 1995) . The trnL (UAA)-trnF (GAA) intergenic spacer was amplified and sequenced with universal primers ''e'' and ''f'' (Taberlet et al., 1991) .
Sequence data were generated for both strands of PEG (polyethylene glycol) purified PCR product using the ABI PRISM dye terminator cycle sequencing ready reaction kit in 20 ll volume containing 4 ll Big Dye terminator, 3.2 ll 1% primer, 2 ll DNA, 2 ll 5l buffer, and 8.8 ll distilled water. Sequencing cycles followed the protocol for the ABI 377 PRISM Sequencer (Applied Biosystems, Inc.): 4 min at 96°C; then 25 cycles of 10 sec at 95°C, 0.5 sec at 50°C, 4 min at 60°C; followed by 1 min at 96°C; and then 4°C as the holding temperature. Following this step, excess dye terminators were removed by a spin column purification. Sequencing reactions were electrophoresed for 18 hours on an ABI PRISM 377 DNA sequencer in a Long Ranger gel. The resulting chromatograms were edited with Sequencher version 3.1 (Gene Codes, Inc.) and the final consensus sequences were exported for alignment to Clustal X. All sequences were aligned manually with the aid of Se-Al version 1.0a1 (Rambaut, 1996) multiple sequence editor following initial alignment in the program Clustal X. Alignment of the rbcL data was guided by the sequences of Pryer et al. (1995) . The trnL-F sequences were aligned by eye within the genus and between genera using the editing program Se-Al. Sequences were submitted to GenBank (Accession numbers AF448922-AF448935), and the alignment used in phylogenetic analyses will be posted at www.lms.si.edu.
All phylogenetic reconstruction analyses were conducted using version 4.08b of PAUP* (Swofford, 2001) . Phylogenetic reconstruction under maximum parsimony was conducted using both the heuristic search algorithm with TBR branch-swapping, MULPARS and ACCTRAN options active, as well as the Branch and Bound search option in PAUP*. For molecular data, characters were assigned equal weights at all nucleotide positions; for morphological characters, equal weighting was also used. Robustness of cladistic linkages was evaluated with 1000 bootstrap replicates.
RESULTS
Results from the few species sequenced for rbcL were in agreement with the study done by Wikströ m et al. (2000) . After their abstract was published, we dropped this gene from our study and accepted their discussion of a phylogeny based on that gene. Their topology has not yet been published. The plastid DNA sequence trnL-F was chosen because it has been shown to have relatively high and even substitution rates among the plastid loci within angiosperms (Richardson et al., 2000) and it has been successfully used for phylogenetic analyses among species within a genus of angiosperms (Molvray et al., 1999) . It had not been used for many analyses within the ferns, but has been used for a study in a eusporangiate fern family (Hauk et al., 1996) , and we have had some success in a study of the Osmundaceae (in progress). Within that region, only sequences between the ''e'' and ''f'' Table 2 .
Species abbreviations for Anemia use the subgeneric designations given in Table 1 . primers were amplified successfully. The region amplified between primers ''c'' and ''d'' in all angiosperms studied in the Laboratory for Molecular Systematics (Smithsonian Institution) to date did not work, even with optimization attempts using a Stratogene Robocycler. We suspect that either an accelerated rate of evolution in that subregion of the cpDNA has resulted in the primersÕ failing to anneal or that the inversion and rearrangements of the chloroplast genome, reported for ferns by Raubeson and Stein (1995) , will account for the amplification difficulties. The latter may be more probable, as we successfully amplified the trnL-F ''c-d'' region for the Osmundaceae (Bauder, Skog & Zimmer, unpubl.) , but not for the higher fern genus Elaphoglossum (Skog et al., 2001, p. 87) . Within the Schizaeaceae, the trnL ''e-f'' spacers had a GC content from 36-40%; the outgroup Cardiomanes GC content was 32%. These numbers were similar to those obtained in Zimmer's previous work on the basal angiosperm families Winteraceae and Canellaceae (Karol et al., 2000) . For the taxa studied, there was significant length variation among the sequences.
Within the Schizaeaceae, the trnL sequences ranged in length from 387 base pairs (bp) (Schizaea elegans) up to 525 bp (Anemia cicutaria); in the outgroup Cardiomanes reniforme, the trnL region sequenced was 483 bp long. Within previously described subgenera of Anemia, the range of spacer lengths was much more limited. For subg. Anemia, spacers were 494-506 bp long; for subg. Coptophyllum the single trnL region sequenced from Anemia villosa was 515 bp long; for the two species of subg. Anemiorrhiza, A. adiantifolia at 524 bp was a single nucleotide shorter than A. cicutaria. Mohria cafforum, sometimes proposed as being nested within Anemia, had a trnL ''e-f'' region of 493 bp. The two Lygodium species were 481 and 489 bp long.
Given the degree of variation in spacer lengths among the Anemia species and among taxa at the family level in the Schizaeaceae, we had to infer a number of indel events when aligning the sequences. The overall alignment required gaps to be inserted into the raw sequences to a final length of 803 positions. As would be expected from the raw sequence lengths, most of the gaps that were inferred differentiated Anemia (including Mohria) from the other two genera of Schizaeaceae and that family from the outgroup Cardiomanes. Few of the gaps were autapomorphic. Many of the larger gaps separated genera, while those within Anemia were shorter in length. Refinement of the alignment used in subsequent phylogenetic inference will benefit from a much broader sampling of taxa across Anemia and within Schizaea and Lygodium. However, the relatively lower degree of length variation within and between Anemia and Lygodium suggests that the general phylogenetic patterns presented below will not be strongly affected by increased taxon sampling.
In the raw aligned data set for just the trnL''e-f'' region, 372 characters were constant, 180 characters were parsimony-uninformative, and 251 characters were parsimony-informative. These numbers can be contrasted with those for the angiosperm family Winteraceae, where the entire trnL ''c-d'' and ''e-f'' regions could be aligned with Canellaceae outgroup genera for a total length of 990 characters and where 913 characters were constant, 60 characters were parsimony uninformative, and only 17 were parsimony-informative (Karol et al., 2000) . The high degree of length variation and large number of parsimony informative characters seen with just the smaller PCR product from the trnL region suggest that additional chloroplast spacer regions will be extremely useful in delineating species relationships in the Schizaeaceae.
Both the Heuristic search and the Branch and Bound search options in PAUP* produced one most parsimonius tree of length 704 steps, with a consistency index of 0.875 and a retention index of 0.804. This tree is presented in Figure 1 , with branch lengths given in Figure 1a and bootstrap values in Figure 1b . The same topology is obtained when the gap characters were ignored, Cardiomanes was excluded from the analysis, and Schizaea and Lygodium were set as outgroups. In addition, we used our data for trnL from the various genera (set as outgroups) within the Osmundaceae (Osmunda, Todea, Plenasium, Leptopteris) in the analysis and obtained the same topology for the tree. Maximum likelihood analyses of the data, using either the default options in PAUP* (Tn/Tv ratio 4 2) or a more complex HKY85'G'I model, where base frequencies and the proportion of invariant sites were calculated from the data, also yielded a single tree with a topology identical to that obtained in the parsimony analysis (data not shown).
The morphological analysis is incomplete. To date, 56 species of the genus have been coded for 64 characters; however, the data were pruned to only 13 species and 33 characters for this paper (Tables 2, 3) , which were obtained from species descriptions in the literature (Mickel, 1962 (Mickel, , 1967 (Mickel, , 1981 (Mickel, , 1982 Skog, 1992; Tryon & Tryon, 1982) . These 13 species were chosen because we also had material for DNA extraction. We present a brief outline of the results from the pruned morphological analysis, as it suggests several interesting hypotheses to be tested (Figure 2) . A single most parsimonious tree was obtained from this reduced data set, shown in Figure 2a with branch lengths and Figure 2b with bootstrap values. Eighteen characters were synapomorphic for various clades. Subgenus Anemiorrhiza forms a distinct clade within the genus (66% bootstrap). The traditional subgenera Anemia and Coptophyllum cluster together with 52% support for a clade of these subgenera and Mohria. There is strong support for Mohria to be included within the genus Anemia (98%). The one species of Mohria and the one species of subg. Coptophyllum form a clade with 69% support. Obviously the expanded morphological data set is necessary, as more species of subg. Coptophyllum and Mohria are needed to determine if the relationship receives continued support from both morphological and molecular data. At the moment, only morphological data indicate this relationship. If these relationships are to be resolved, additional molecular data is also needed for the rest of the species of Mohria and additional species of Anemia.
DISCUSSION
In their published abstract, Wikströ m et al. (2000) noted that a maximum parsimony analysis of 30 living species of Schizaeaceae indicated that Schi-zaea and Lygodium were monophyletic. Anemia was paraphyletic to Mohria, as was subg. Coptophyllum to subg. Anemia. They noted that Anemiorrhiza was a sister-group to a clade with all the other species of Anemia and Mohria. They stated that within the family there was a long branch leading to the species of Lygodium. The outgroup used in their analysis was not mentioned. The actual tree topology from their study has not yet been published and was not included in their abstract.
Our data are not completely consistent with their study. The trnL tree agrees with Wikströ m et al. (2000) in the placement of taxa within Anemia (Figure 1) . However, Schizaea forms a strongly supported monophyletic clade with Anemia (79% bootstrap), and only the two Lygodium species are on a separate long branch relative to the outgroup Cardiomanes. Mohria clearly falls within Anemia (100% support), and basal to the clade of subgenera Anemia and Coptophyllum (77% support). The single species of subg. Coptophyllum falls within subg. Anemia, and this clade plus Mohria are sister to subg. Anemiorrhiza, which has 100% support on our tree. We believe that subg. Coptophyllum and subg. Anemia should be combined into a single subg. Anemia. There are no good morphological characters to support the separation of these two subgenera, and the molecular data do not support their separation either. Furthermore, we suspect that when additional species and characters are included in the analysis, subg. Coptophyllum and Anemia will form a strong single clade within the genus. There is, however, strong support for subg. Anemiorrhiza as a monophyletic taxon within an expanded genus Anemia (including Mohria).
As Mickel (1962) noted, Mohria is congeneric with Anemia. Traditionally the separation of these two genera was based mainly on the possession of scales by Mohria, but, as noted by Skog (1992) , these scales have filiform tips similar to the trichomes found in Anemia and the trichomes on the leaves of the two genera are identical. Mohria bears sporangia on all pinnae of the fertile frond, but the confinement of the fertile pinnae to the basal pair is not always definitive. Some species of Anemia have dimorphic fronds (Mickel, 1984) . According to van Konijnenburg-van Cittert (1991 , 1992 , the spores of Mohria show a hollow area in the ridges of the exospore that is not found in   FIG. 1a . The single most parsimonious tree derived from DNA sequences trnL ''e-f'' region using the branch-and-bound option under maximum parsimony settings in PAUP*. Branch lengths are given above the lines leading to each lineage. Fig. 1b . Bootstrap consensus tree for the molecular data; bootstrap support values above 50% are given above the lines leading to the lineages. Species are those listed in Table 1 the spores of Anemia subg. Coptophyllum and Anemia. She also noted (1992) that hollow ridges occur in subg. Anemiorrhiza. Mickel (1962, Plate IV) discussed and illustrated three types of ridge structure: a solid ridge with no internal differentiation, a medulla within the ridge containing a spongy network, or a simple medulla, which may be a small portion of the ridge as in Mohria and in some species of Anemia. We see few substantial arguments to maintain Mohria and Anemia as separate genera, although we await the outcome of expanded analyses that include more than a single species of Mohria. Hill (1977 Hill ( , 1979 suggested that spore morphology might be an important character within Anemia because the spore morphology was a conservative character. Even in our preliminary analysis of morphological characters, we see that the spore morphology of ridges, grooves, and bacculae will help to delimit taxa, and that more species require examination for the critical characteristics of the spores. Some characters that should be included are, for example, elaborations at the angles of the spore outline, orientation of the ridges, width of the striations, cross ridges between the ridges, and ornamentation on the ridges and between the ridges.
The trnL data support the phylogeny previously inferred from the morphological study of fossil and modern species (Skog, 1992) . No outgroup was used in that analysis. At the time, no fossil representatives were known for the Hymenophyllaceae earlier than the appearance of the Schizaeaceae; characters from the fossils known were few, leading to a matrix with many missing characters; and relationships within the primitive fern families were not stable or easy to discern. However, the analysis of the species within Anemia and the fossils attributed to the genus or closely aligned to it indicates that there is strong support for the subg. Anemiorrhiza, that subg. Coptophyllum is paraphyletic to subg. Anemia, that these form a sister group to Anemiorrhiza, and that Mohria and two fossil species form another clade that is not placed consistently in either of the other two clades and was better supported as a third group (Skog, 1992) .
Interesting questions remain concerning Anemia. Subgenus Anemiorrhiza is consistently diploid, whereas the other subgenera have various levels of polyploidy and several hybrids have been reported (Mickel, 1982) . It may be that, contrary to previous hypotheses (Mickel, 1962) , species within subg. Coptophyllum are not the most primitive in the genus. Extant species of Anemia are most numerous in Mexico and Brazil, and these areas also have the greatest current morphological diversity for the genus. However, the family Schizaeaceae first appears in the northern hemisphere in the Mesozoic, as does Anemia (Skog, 2001) , suggesting biogeographic questions might be addressed when the phylogeny of the genus is better known. There are also many morphological characteristics of fertile pinnae that might be addressed. For example, the fertile pinnae of Anemia are most commonly basal and extended upright. However, there are some species with dimorphic fronds, and several species, such as A. colimensis and A. salvadorensis (Mickel, 1967 (Mickel, , 1984 , have nonextended fertile pinnae. These latter species appear to be morphologically intermediate between the fossil species, which had complete fertile fronds, interspersed fertile pinnules, or basal fertile pinnules. Whether these extant species with nonextended fertile pinnae form a group or are dispersed throughout the genus will be of benefit in the understanding of the development of the fertile fronds and the fertile pinnae. In our preliminary morphological trees for the expanded data set, species with nonextended fertile pinnae are currently scattered throughout the tree.
Based upon our data, we support the phylogeny of Anemia suggested previously by fossil data (Skog, 1992) and rbcL data (Wikströ m et al., 2000, pp. 149-150) . We support only two of the three subgenera of the current genus Anemia: Anemiorrhiza and Anemia (including subg. Coptophyllum). We believe that Mohria should be placed in Anemia.
